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Abstract: For many years, the main nitrogen source for patients with phenylketonuria (PKU) was
phenylalanine-free amino acid supplements. Recently, casein glycomacropeptide (GMP) supplements
have been prescribed due to its functional and sensorial properties. Nevertheless, many doubts still
persist about the metabolic effects of GMP compared to free amino acids (fAA) and intact proteins
such as casein (CAS). We endeavour to compare, in rats, the metabolic effects of different nitrogen
sources. Twenty-four male Wistar rats were fed equal energy density diets plus CAS (control, n = 8),
fAA (n = 8) or GMP (n = 8) for 8 weeks. Food, liquid intake and body weight were measured weekly.
Blood biochemical parameters and markers of glycidic metabolism were assessed. Glucagon-like
peptide-1 (GLP-1) was analysed by ELISA and immunohistochemistry. Food intake was higher in
rats fed CAS compared to fAA or GMP throughout the treatment period. Fluid intake was similar
between rats fed fAA and GMP. Body weight was systematically lower in rats fed fAA and GMP
compared to those fed CAS, and still, from week 4 onwards, there were differences between fAA
and GMP. None of the treatments appeared to induce consistent changes in glycaemia, while insulin
levels were significantly higher in GMP. Likewise, the production of GLP-1 was higher in rats fed
GMP when compared to fAA. Decreased urea, total protein and triglycerides were seen both in fAA
and GMP related to CAS. GMP also reduced albumin and triglycerides in comparison to CAS and
fAA, respectively. The chronic consumption of the diets triggers different metabolic responses which
may provide clues to further study potential underlying mechanisms.
Keywords: glycomacropeptide; amino acids; intact protein; metabolism; GLP-1; phenylketonuria
1. Introduction
Phenylketonuria (PKU, OMIM # 261600) stems from the body’s inability to metabolize
the essential amino acid phenylalanine (Phe) to tyrosine (Tyr) due to deficient activity of
phenylalanine hydroxylase (PAH) with resultant cognitive impairment [1]. This can be
avoided with a Phe-restricted diet in combination with protein substitutes and special
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low protein foods [2]. However, the taste of Phe-free amino acid supplements ham-
pers adherence [3–5]. In recent years, new modalities of treatment have arisen, namely
glycomacropeptide (GMP) and its commercial formulations, casein glycomacropeptide
supplements [6].
GMP is a whey-based bioactive peptide derived from the hydrolysis of milk κ-casein
that presents beneficial properties on human health but whose formulations are not com-
pletely devoid of Phe [7]. According to the available data from clinical studies, GMP
presents a better taste and improves satiety and nitrogen retention. In preclinical studies
with PKU mice, there is evidence that GMP reduces Phe in the brain, improves bone health
and acts as prebiotic [8].
Free AA (fAA), typically present in Phe-free amino acid supplements. presents faster
absorption kinetics that distinguishes them from intact proteins, which may affect the effi-
ciency of nitrogen utilization because amino acids are released at different rates in the blood
stream. This physiology of absorption may disrupt whole-body metabolism [9]. Studies
using Phe-free amino acid supplements applying a prolonged-release technology showed
that these formulations present better organoleptic characteristics and can support a more
physiological amino acid absorption, therefore improving metabolism [4,5]. Regarding
GMP, a very recent study from Daly et al. showed that casein glycomacropeptide supple-
ments seem to have a similar kinetics absorption as Phe-free amino acid supplements [10].
However, these data are still poorly understood.
Among the metabolic effects are the impact on glycidic metabolism markers, partic-
ularly on blood glucose, insulin, and glucagon-like peptide-1 (GLP-1) secretion. Amino
acids act as important triggers of insulin secretion, mainly branched-chain amino acids, of
which leucine (Leu) has a more pronounced effect [11]. In addition, we know that nutrient
intake is a major stimulus for GLP-1 release from the L-cells which are expressed in the
gastrointestinal tract [12]. The anatomical region with the highest amount of GLP-1 is the
distal ileum, both in humans and rats [13,14]. Beyond its role as an incretin, GLP-1 is a
pleiotropic hormone with a multitude of metabolic functions [13].
Mönch et al. reported that the bolus administration of Phe-free amino acid supple-
ments increases the urinary excretion of nitrogen when the fast increase in blood amino
acids exceeds the capacity of anabolism to incorporate them into nascent proteins [15].
Still, Weigel et al. observed a significantly higher insulin peak at 30 min after the intake of
Phe-free amino acid supplements [16]. In accordance, a study from our group showed that
the intake of one Phe-free amino acid supplement by wild-type rats led to lower glucose
levels when compared to intact protein. A putative explanation was the insulinogenic prop-
erties of some amino acids, especially Leu, that is available in large amounts in Phe-free
amino acid supplements, as well as the incretin axis that might have contributed to this
finding [17].
Taking all of this into account, it is likely that these nitrogen sources could yield
different metabolic responses. Therefore, our aim was to evaluate the chronic effect of CAS,
fAA and GMP on metabolic parameters, especially on glycidic metabolism biomarkers by
feeding young and healthy Wistar rats with those diets for 8 weeks.
2. Results
2.1. Food Intake, Fluid Intake and Body Weight
Apart from weeks 3 (p = 0.0092) and 6 (p = 0.0218), no differences were observed in
food intake between fAA and GMP. On the other hand, food intake was higher in rats fed
the CAS diet when compared to fAA or GMP throughout the weeks of treatment (p < 0.05)
(Figure 1A).
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Figure 1. Monitoring of food intake (A), fluid intake (B) and body weight (C) of Wistar rats over
the 8-week feeding period. Data are presented as mean ± SEM (n = 8/group). Two-way ANOVA
with repeated measures followed by Bonferroni’s post-hoc test was performed. * p < 0.05 vs. CAS;
# p < 0.05 vs. fAA. CAS: casein; fAA: free amino acids; GMP: glycomacropeptide.
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Fluid intake was also similar between animals consuming fAA and those with GMP
(Figure 1B). From week 3 onwards, rats fed CAS had higher fluid ingestion compared to
the other experimental groups (p < 0.05).
In agreement with the reduced food intake measured throughout an 8-week period,
rats fed fAA and GMP showed a lower body weight compared to those rats fed CAS
(p < 0.05). Additionally, from week 4 onwards, rats fed fAA presented lower body weight
compared to rats fed GMP (p < 0.0.5) (Figure 1C).
2.2. Markers of Glucose Metabolism
To further understand the effect of the different diets on markers of glucose metabolism,
glycaemia, fructosamine, insulin levels and homeostasis model assessment for insulin re-
sistance (HOMA-IR) were determined. With regard to glycaemia, at weeks 2 (p = 0.0446),
3 (p < 0.0001) and 5 (p = 0.0184), significant changes were found between fAA and CAS.
Still, at week 4, glycaemia was significantly different between GMP and CAS (p = 0.0001)
and GMP and fAA (p = 0.0003) (Figure 2A). When it comes to fructosamine, no differences
were seen between the groups (Figure 2B) at the end of the treatment. On the other hand,
after 8 weeks, animals treated with GMP presented higher insulin levels in comparison
with those treated with fAA (p = 0.0127) (Figure 2C). The HOMA-IR was calculated, and a
significant difference was observed between GMP and fAA (p = 0.0305) (Figure 2D).
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Figure 2. Glycaemia (A) of Wistar rats over the 8-week feeding period. Data are presented as mean ± SEM (n = 8/group).
Two-way ANOVA with repeated measures followed by Bonferroni’s post-hoc test was performed. * p < 0.05 vs. CAS; # p < 0.05
vs. fAA. Plasmatic fructosamine (B) in the 3 study groups. Data are presented as mean ± SEM (n = 8/group). One-way
ANOVA with Bonferroni’s post-hoc test was performed. Serum insulin (C) in the 3 study groups. Data are presented
as mean ± SEM (n = 6/group). One-way ANOVA with Bonferroni’s post-hoc test was performed. # p < 0.05 vs. fAA.
HOMA-IR (D) in the 3 study groups. Data are presented as median (P25-P75) (n = 6/group). Kruskal–Wallis with Dunn’s
post-hoc test was performed. # p < 0.05 vs. fAA. CAS: casein; fAA: free amino acids; GMP: glycomacropeptide; HOMA-IR:
homeostasis model assessment for insulin resistance.
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2.3. Local and Systemic GLP-1
At the endpoint of the study, GLP-1 was explored. Circulating GLP-1 was not different
among groups, although a tendency for greater levels in the GMP group was observed
(Figure 3A). Regarding the production of GLP-1 by intestinal enteroendocrine L-cells,
a statistically significant difference was found between GMP and fAA, with a higher
production in animals fed GMP (p < 0.0001) (Figure 3B). Figure 3C shows representative
images of Immunohistochemistry (IHC) and Hematoxylin and Eosin (H&E).
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Figure 3. Serum GLP-1 levels (A) in the 3 study groups. Data re pr sented as mean ± SEM (n = 4–7/group). One-way
ANOVA with Bonferroni’s post-hoc test was performed. GLP-1 (% of stained are ) (B) in the 3 study groups. Data are
present d as mean ± SEM (n = 34–39 images/group). One-way ANOVA with Bonferroni’s post-hoc test was performed.
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peptide-1; GMP: glycomacropeptide; H&E: hematoxylin and eosin; IHC: immunohistochemistry.
2.4. Biochemical Markers
Table 1 depicts the serum biochemical markers measured at the end of the study.
Considerable differences were found in alkaline phosphatase (ALP) in the GMP group
towards fAA (p = 0.0156). When it comes to nutritional markers, it is worthwhile to
mention the lower levels of urea in the rats fed fAA (p = 0.0143) and GMP (p = 0.0161) when
compared to CAS. The same was observed in total protein for fAA vs. CAS (p < 0.0001)
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and for GMP vs. CAS (p = 0.0001). In addition, GMP reduced albumin concentration when
compared to CAS (p = 0.0247). The levels of triglycerides were decreased in animals either
fed fAA vs. CAS (p = 0.0051) or GMP vs. CAS (p = 0.0150). Total cholesterol was significantly
lower in rats fed GMP relative to fAA (p = 0.0348). Still, iron was significantly reduced
in fAA against CAS (p = 0.0459). There was a tendency to decreased pro-inflammatory
cytokines in rats fed GMP, but this did not reach statistical significance.
Table 1. Biochemical parameters of the control diet (CAS diet) and the experimental diets (fAA diet
and GMP diet).
Parameter CAS Diet fAA Diet GMP Diet
AST (U/L) 89 ± 11 104 ± 16 68 ± 5
ALT (U/L) 17 (15–24) 21 (17–22) 17 (15–20)
ALP (U/L) 146 ± 12 169 ± 11 119 ± 11 #
Creatinine (mg/dL) 0.16 ± 0.01 0.18 ± 0.01 0.17 ± 0.01
Urea (mg/dL) 32 ± 2 24 ± 2 * 24 ± 1 *
Uric acid (mg/dL) <1.5 <1.5 <1.5
Total cholesterol (mg/dL) 74 ± 5 77 ± 4 61 ± 3 #
LDL-cholesterol (mg/dL) 22 ± 3 24 ± 2 17 ± 2
HDL-cholesterol (mg/dL) 39 ± 4 42 ±2 36 ± 2
Triglycerides (mg/dL) 167 ± 35 55 ± 7 * 68 ± 14 *
Total protein (g/L) 56.5 ± 0.3 51.9 ± 0.3 * 52.1 ± 0.9 *
Albumin (g/L) 28.9 ± 0.5 26.8 ± 0.5 26.1 ± 0.9 *
Iron (µg/dL) 187 (176–209) 162 (151–174) * 177 (161–189)
Transferrin (mg/dL) 175 (167–177) 158 (154–174) 170 (166–175)
Transferrin saturation (%) 78 (74–85) 72 (68–77) 73 (65–82)
Leptin (pg/mL) 687 ± 143 692 ± 194 756 ± 136
IL-1β (pg/mL) 12.0 ± 2.4 5.9 ± 1.5 6.9 ± 1.6
IL-6 (pg/mL) 36 (17–47) 71 (35–165) 20 (10–74)
TNF-α (pg/mL) 1.5 (0.9–2.2) 2.2 (0.4–3.5) 1.0 (0.4–1.3)
Data are presented as mean ± SEM or median (P25-P75) as appropriate (n = 4–8/group). One-way ANOVA with
Bonferroni’s post-hoc test analysis for normal distribution and Kruskal–Wallis with Dunn’s post-hoc test analysis
for non-normal distribution. * p < 0.05 vs. CAS; # p < 0.05 vs. fAA. ALP: alkaline phosphatase; ALT: alanine
transaminase; AST: aspartate transaminase; CAS: casein; fAA: free amino acids; GMP: glycomacropeptide; HDL:
high-density lipoprotein cholesterol; IL-1β: interleukin-1beta; IL-6: interleukin-6; LDL: low-density lipoprotein
cholesterol; TNF-α: tumour necrosis factor-alpha.
3. Discussion
In this study, we sought to understand the metabolic impact of different forms of
nitrogen, CAS, a standard of an intact protein, fAA that are present in Phe-free amino acid
supplements, and GMP, a whey-based protein, in post-weaning Wistar rats, for 8 weeks.
We used isoenergetic standard rodent diets in which intact protein was replaced by fAA
and GMP, and whose amino acid profile of fAA and GMP was similar. All diets contained
20% of protein expressed in distinctive nitrogen sources.
Our results revealed that, except for weeks 3 and 6, food intake was significantly
lower in rats fed experimental diets when compared to the CAS diet, and the organoleptic
features (odour and taste) of those diets mainly consisting of fAA and GMP plus amino
acids might have been responsible for the differences found. Another important point is
that dairy whey protein is thought to be more satiating than other protein sources [18].
Therefore, as a whey-based protein, the effect of GMP on satiety has been subjected to
study, but conflicting results exist. Some studies performed in PKU patients showed that
GMP appeared to have a satiating effect [8], whereas other studies in this population
did not follow suit [19]. Furthermore, studies carried out in Wistar rats [20] and healthy
subjects [18,21] failed to find an effect of GMP on satiety. With respect to fluid intake,
rats fed experimental diets had significantly lower consumption during the experimental
period. Consequently, variations in body weight were seen because of different food and
fluid intakes.
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Regarding glycaemia, significant but not consistent differences were observed between
some of the groups. Therefore, overall, none of the treatments appeared to induce a
systematic change in glycaemia. Fructosamine is a glycated protein that reflects short- term
(2–3 weeks) changes in glucose control when compared to glycated haemoglobin (HbA1c)
because albumin has a shorter half-life of approximately 20 days [22]. No differences
were found in fructosamine between the groups. On the other hand, the insulin levels
were higher in rats fed GMP in comparison with fAA, in contrast to what might be
expected, that was, insulin levels higher in rats fed fAA [23]. It is possible that the post-
absorptive levels of amino acids were lower. Theoretically, Leu and the mammalian target
of rapamycin (mTOR) pathway could affect insulin secretion and glucose homeostasis by
exerting influence in pancreatic islet β-cells and tissues such as liver and muscles [24]. The
GMP diet contained similar amounts of Leu to those from fAA, with the exception that
around half of the amount came from intact protein and the other half from free amino
acids. Furthermore, the other branched-chain amino acids (isoleucine and valine) are also
insulinogenic [11], and the amounts only came from original GMP without additional
amino acids. Insulin levels were only measured at the end and not during the experiment
which could provide further information as to the efficacy of GMP to stimulate insulin
release. When it comes to HOMA-IR, a surrogate measure of insulin sensitivity, a significant
difference was observed between GMP and fAA, indicating that animals fed fAA were
3-fold less insulin sensitive than those rats fed GMP. At the intestinal level, the GMP
diet induced a significant production of GLP-1 by L-cells when compared to fAA, and
despite the lack of significance, a tendency for systemic higher levels were also observed. A
short-term study addressing the impact of consuming different drink mixtures containing
either GMP or fAA showed that neither of them elicit a significant effect on GLP-1 [25].
Changes in nutritional status markers and ALP were observed in rats treated with
fAA and GMP diets. The lower levels of these parameters could reflect the reduced food
intake. Additionally, since animals were treated from weaning, these findings could be
explained by adaptative responses to diets with distinct nitrogen sources. The reduced
levels of triglycerides and total cholesterol in rats fed GMP may be due its hypolipidemic
activity [26]. The liver has a significant role in inflammation processes and this dynamic is
influenced by inflammatory mediators and plasma proteins [27]. Serum pro-inflammatory
cytokines (IL-1β, IL-6 and TNF-α) were determined. Despite the absence of significant
differences among groups, a tendency to a lower inflammatory tone was shown in rats fed
GMP. Studies in the PKU mouse model showed that GMP reduced inflammatory markers
in comparison with fAA and CAS [28,29]. A study aiming at evaluating the effect of intake
of different nitrogen sources, CAS or fAA, by adult mice at steady state and during colitis
development, reported that mice fed fAA had increased levels of inflammatory mediators
in the small and large intestines [30]. In addition, each of these cytokines offers a “half
angel—half devil” facet and none can be simply categorized either “pro” or “anti” [31]
since several parameters can interfere with their action.
The absorption kinetics between proteins, peptides, and amino acids is a regulating
factor for postprandial metabolism both in human and animal models [32], being faster
when single amino acids are ingested compared with an intact protein [33]. In the context
of PKU patients, it is important to bear in mind that L-AA are prescribed in high doses,
as well as the industry tailor-makes their amino acid profile to meet the patients’ daily
requirements. Herein, GMP is comprised of primarily an intact protein supplemented with
amino acids. The bioavailability of GMP and its potential to influence glycaemic control
and related metabolism is still poorly understood. A study from Daly et al. showed that
casein glycomacropeptide supplements seems to have a similar kinetics absorption of Phe-
free amino acid supplements [10]. In this context, additional studies are required to gain a
more integrated insight into the absorption kinetics of GMP that might aid understanding
its metabolic impact.
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This study has some limitations. We used an animal model without disease instead of
a mouse model of PKU. To avoid stress in the rats, we did not opt into utilizing oral gavage
and thus it was difficult to control the amount of food each rat consumed.
Future intervention clinical studies will in fact be necessary to refine the data obtained
in this study. We are interested in going further and understanding how different nitrogen
sources might shape the gut microbiota, firstly in rats and afterwards in PKU patients.
Data from clinical studies show that the type of protein substitute affects Tyr degradation
differently, with Phe-free amino acid supplements providing less bioavailable Tyr due
in part to a higher degree of Tyr degradation by the resident gut bacteria and also due
to less frequent intake throughout the day when compared to casein glycomacropeptide
supplements [34]. Additionally, a reduction was observed in plasma deoxycarnitine in
PKU patients that could be related to their documented reduced carnitine biosynthesis [35].
We know from the literature that plasma levels of trimethylamine N-oxide (TMAO), an
active molecule generated by the gut microbiota, have been correlated with the risk of
cardiovascular disease [36]. In PKU patients, the dysbiosis can be related to the underlying
disease or the diet itself [37], but so far, the evidence is insufficient. These are important
angles for further studies.
4. Materials and Methods
4.1. Animals and Housing
Twenty-four male Wistar rats from weaning (62 g) were obtained from Charles River
Laboratories (Barcelona, Spain). Upon arrival, rats were housed 2 per cage and kept in
animal facilities under controlled conditions of light (12 h light–dark cycle), temperature
(22–24 ◦C), humidity (55 ± 10%) and with 15 air changes/h. The animals were given free
access to food and water ad libitum for 1 week to acclimatise to the new environment. All
animal experiments were in accordance with the European Union guidelines (Directive
2010/63/EU) and the Portuguese Decree-Law (113/2013) and approved by the Institutional
Animal Care and Use Committee of the Faculty of Medicine of the University of Porto
(ORBEA_86_2019/1604) in 16 April 2019, and the national authority, Direção Geral de
Alimentação e Veterinária (0421/000/000/2021) in 1 February 2021.
4.2. Diets
Experimental diets were designed in collaboration with Research Diets, Inc. (New
Brunswick, NJ, USA) and prepared using the open standard diet (OSD) with modifications
in the nitrogen source (Table 2). Experimental diets containing free amino acids (fAA
diet) and glycomacropeptide plus additional amino acids (GMP diet), and control diet
comprising whole casein (CAS diet) were isocaloric and similar with regard to all other
nutrients. The amino acid profile of the fAA diet matches that of the GMP diet (Table 3).
The BiPRO® GMP 9000 from the GMP diet was purchased from Agropur (Appleton, WI,
USA) and incorporated into pellets.
Table 2. Composition of the control diet (CAS diet) and the experimental diets (L-AA diet and
GMP diet).
Ingredients (g/100 g) CAS Diet fAA Diet GMP Diet
Casein 20.0 - -
BiPRO® GMP - - 20.3
Additional L-AA 3.5 20.9 3.2
Protein 20.9 20.9 20.9
CHO 61.9 61.9 61.9
Fat 7.0 7.0 7.0
Fiber 10.0 10.0 10.0
Energy (kcal/g) 107.2 104.6 107.3
CAS: casein; CHO: carbohydrate; fAA: free amino acids; GMP: glycomacropeptide.
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Table 3. Amino acid profile of the control diet (CAS diet) and the experimental diets (fAA diet and
GMP diet).
Amino Acid Profile (g/100 g) CAS Diet fAA Diet GMP Diet *
L-cysteine 0.42 0.02 0.02 (0.02 + 0.00)
L-isoleucine 0.75 1.78 2.11 (2.11 + 0.00)
L-leucine 2.09 1.07 0.94 (0.42 + 0.52)
L-lysine 1.30 1.02 1.21 (1.21 + 0.00)
L-methionine 1.18 0.98 1.04 (0.36 + 0.68)
L-phenylalanine 1.81 1.02 1.02 (0.04 + 0.98)
L-threonine 0.71 2.90 3.43 (3.43 + 0.00)
L-tryptophan 0.39 0.20 0.20 (0.02 + 0.18)
L-valine 0.92 1.57 1.86 (1.86 + 0.00)
L-histidine 0.71 0.28 0.28 (0.02 + 0.26)
L-alanine 0.50 1.04 1.23 (1.23 + 0.00)
L-arginine 0.98 0.43 0.43 (0.04 + 0.39)
L-aspartic acid 0.50 1.57 1.86 (1.86 + 0.00)
L-glutamic acid 2.27 3.52 4.36 (4.16 + 0.20)
Glycine 0.30 0.19 0.23 (0.23 + 0.00)
L-proline 1.76 2.07 2.45 (2.45 + 0.00)
L-serine 0.99 1.24 1.46 (1.46 + 0.00)
L-tyrosine 0.90 0.01 0.01 (0.01 + 0.00)
CAS: casein; fAA: free amino acids; GMP: glycomacropeptide. * GMP diet = BiPRO® GMP + additional
amino acids.
4.3. Experimental Design
Following the acclimatization period, the 24 rats were randomly divided into 3 groups
of 8 animals each: GMP diet, AA diet and CAS diet, the former diet used as control. Animals
were maintained on the diets from weaning (21 days) to young adulthood (12 weeks). Body
weight was measured once a week using a scale and the remaining food and water in the
hopper were reweighed at the same time to map food and fluid intake over time.
At the end of the 8 weeks, animals were deeply anaesthetised with isoflurane 5%
(Baxter, IL, USA).
The study design is illustrated in Figure 4.
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Metabolism Assay, purchased from Arium, Sistemas de Diagnóstico, Lda. 
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4.4. Collection of Blood and Tissues
Blood was drawn from the left ventricle into tubes with or without heparin to obtain
plasma and serum, respectively. Aliquots were frozen at −80 ◦C until further analysis.
Then, rats were transcardially perfused with ice-cold isotonic sodium chloride solution.
After perfusion, distal ileum was immediately removed and fixed in 10% neutral-buffered
formalin.
4.5. Glucose, Insulin and Total GLP-1
Glycaemia was measured once a week from the lateral tail vein of the rats with the aid of
FreeStyle Precision Neo test strips and device (Abbott Diabetes Care Inc., Maidenhead, UK).
After euthanizing, serum insulin levels were measured using a Rat/Mouse Insulin ELISA
kit (EZRMI-13K; Merck Life Science, Darmstadt, Germany) and total GLP-1 was determined
using GLP-1 (Total) ELISA kit (Merck Life Science, Darmstadt, Germany), according to the
manufacturer’s instructions. HOMA was used as a surrogate measure of insulin resistance
using the formula: fasting glucose (mg/dL) × fasting insulin (ng/mL) / 405 [38].
4.6. Biochemical Analyses
Routine serum biochemical markers were assessed at the end of the study and per-
formed at the Department of Clinical Pathology, São João Hospital Center, using the
AU5400® automated clinical chemistry analyser (Beckman-Coulter®, Carnaxide, Por-
tugal). The measurements comprised hepatic function markers (aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT)), renal function markers (creatinine, urea),
metabolic/nutritional markers (uric acid, total cholesterol, high-density lipoprotein choles-
terol (HDL), low-density lipoprotein cholesterol (LDL), triglycerides, total protein, albumin,
transferrin) and other markers (ALP).
Cytokines and leptin were determined using Milliplex® MAP Rat Adipokine Panel—
Metabolism Assay, purchased from Arium, Sistemas de Diagnóstico, Lda.
Plasmatic fructosamine was determined using a Rat Fructosamine ELISA kit (ELIS-
AGenie, UK) according to the manufacturer’s instructions.
4.7. Immunochemistry for GLP-1
Segments of distal ileum (1 cm of intestine withdrawn above the junction with the
caecum) were harvested from all rats and fixed in 10% neutral-buffered formalin for
24 h, dehydrated and embedded in paraffin. The paraffin-embedded tissue sections were
cut (3 µm thickness) and mounted on adhesive microscope slides. The sections were
deparaffinized in xylene and rehydrated with decreasing concentrations of ethanol (100%,
95% and 70%) and distilled water. Antigen retrieval was performed in 0.01 M sodium citrate
buffer with 0.05% Tween 20 (pH 6.0), using a water bath at 98 ◦C for 10 min and blocked
in 3% H2O2 in PBS. After that, sections were incubated with a blocking solution (Rodent
Block M, RBM961G, Biocare Medical, UK) for 30 minutes and then incubated overnight at
4 ◦C with anti-GLP-1 primary antibody: mouse monoclonal, ab26278; Abcam, Amsterdam,
The Netherlands; 1:1500. Subsequently, sections were incubated with secondary antibody
at RT for 30 min: goat anti-mouse, ab97021; Abcam, Amsterdam, The Netherlands; 1:200.
Then, 30-minute ABC complex incubation was carried out (Vector A and B, Vectastain,
Vector Labs, Peterborough, UK). Finally, the sections were treated with diaminobenzidine
tetrahydrochloride (DAB) substrate kit (ab64238, Abcam, Amsterdam, The Netherlands).
All sections were stained with H&E.
4.8. Computerised Image Analysis
Images were acquired with a Nikon Eclipse 50i light microscope (Nikon Corporation
Instruments Company, Tokyo, Japan) and analysed using ImageJ® software (National
Institute of Health (NIH), MD) with a colour deconvolution plugin which separates the
stained area from the initial image. Morphometric analysis was performed in five represen-
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tative images (200× magnification) from each tissue section. GLP-1 was expressed as the
percentage of stained area.
4.9. Statistical Analysis
Statistical analysis was performed using GraphPad Prism version 8.0 (GraphPad
software, Inc., La Jolla, CA, USA).
The distribution of the variables was checked for normality using Shapiro–Wilk test.
Continuous variables are expressed as mean ± standard error of the mean (SEM) or median
(P25-P75) as appropriate. For differences in food intake, fluid intake, body weight and
glycaemia between the 3 groups throughout the weeks, two-way ANOVA with repeated
measures followed by Bonferroni’s post-hoc test was performed. For differences in the
remaining parameters, one-way ANOVA with Bonferroni’s post-hoc test was used for
normal distribution and Kruskal–Wallis with Dunn’s post-hoc test analysis for non-normal
distribution. Significance was set at the level of p-value less than 0.05.
5. Conclusions
One important message of this study is the lower food intake of rats fed fAA and GMP,
and this finding could be associated with a different palatability which is also an issue in
PKU patients. In addition, none of the treatments appeared to induce consistent changes in
glycaemia, while insulin levels were significantly higher in GMP. Likewise, the production
of GLP-1 was higher in rats fed GMP when compared to fAA. Taken together, our findings
demonstrate that the type of nitrogen source ingested induces different metabolic responses
which may provide clues to further study potential underlying mechanisms. There may be
a need to confirm these results and obtain evidence for revision treatment guidelines, at
least in some age groups. Furthermore, future studies should go beyond these data and
explore the impact on gut microbiota as well.
Author Contributions: Conceptualization, M.J.P., J.C.R. and N.B.; methodology, M.J.P., R.C., I.R. and
S.M.; formal analysis, M.J.P., R.C., I.R. and S.M.; investigation, M.J.P., R.C., I.R. and S.M.; resources,
J.T.G., A.F. and C.C.; writing—original draft preparation, M.J.P., J.C.R. and N.B.; writing—review and
editing, R.C., I.R., S.M., J.T.G., A.F. and C.C.; supervision, J.C.R. and N.B.; funding acquisition, M.J.P.
All authors have read and agreed to the published version of the manuscript.
Funding: This article was supported by National Funds through FCT—Fundação para a Ciência e a
Tecnologia, I.P., within CINTESIS, R&D Unit (reference UIDB/4255/2020). M.J.P. was partially funded
by the project NORTE-08-5369-FSE-000018, supported by Norte Portugal Regional Programme
(Norte2020), under the PORTUGAL 2020 Partnership Agreement, through the European Regional
Development Fund (ERDF) and by FCT [UID/BIM/04293/2013].
Institutional Review Board Statement: The study was conducted according to the European Union
guidelines (Directive 2010/63/EU) and the Portuguese Decree-Law (113/2013) and approved by the
Institutional Animal Care and Use Committee of the Faculty of Medicine of the University of Porto
(ORBEA_86_2019/1604), and the national authority, Direção Geral de Alimentação e Veterinária
(0421/000/000/2021).
Informed Consent Statement: Not applicable.
Acknowledgments: Glycaemia strips and device were kindly provided by Abbott Laboratórios
Lda., Portugal. A special thanks to Raquel Soares for the help submitting the project to the national
authorities. Furthermore, thanks to Patrícia Ribeiro, Adriana Francisco and Liliana Leite from the
animal facilities.
Conflicts of Interest: J.C.R. is member of the European Nutrition Expert Panel (BioMarin) and of
the advisory boards of Applied Pharma Research and Nutricia. He has received speaker’s fees
from Applied Pharma Research, Merck Serono, BioMarin, Nutricia, Vitaflo, Cambrooke, PIAM, and
Lifediet.
Int. J. Mol. Sci. 2021, 22, 9731 12 of 13
References
1. Van Wegberg, A.M.J.; MacDonald, A.; Ahring, K.; Belanger-Quintana, A.; Blau, N.; Bosch, A.M.; Burlina, A.; Campistol, J.; Feillet,
F.; Gizewska, M.; et al. The complete European guidelines on phenylketonuria: Diagnosis and treatment. Orphanet J. Rare Dis.
2017, 12, 162. [CrossRef]
2. Rocha, J.C.; MacDonald, A. Dietary intervention in the management of phenylketonuria: Current perspectives. Pediatric Health
Med. Ther. 2016, 7, 155–163. [CrossRef]
3. MacDonald, A.; van Rijn, M.; Feillet, F.; Lund, A.M.; Bernstein, L.; Bosch, A.M.; Gizewska, M.; van Spronsen, F.J. Adherence
issues in inherited metabolic disorders treated by low natural protein diets. Ann. Nutr. Metab. 2012, 61, 289–295. [CrossRef]
4. Giarratana, N.; Gallina, G.; Panzeri, V.; Frangi, A.; Canobbio, A.; Reiner, G. A new Phe-free protein substitute engineered to allow
a physiological absorption of free amino acids for phenylketonuria. J. Inborn Errors Metab. Screen. 2018, 6, 1–9. [CrossRef]
5. MacDonald, A.; Ashmore, C.; Daly, A.; Pinto, A.; Evans, S. An Observational Study Evaluating the Introduction of a Prolonged-
Release Protein Substitute to the Dietary Management of Children with Phenylketonuria. Nutrients 2020, 12, 2686. [CrossRef]
[PubMed]
6. Rocha, J.C.; MacDonald, A. Treatment options and dietary supplements for patients with phenylketonuria. Expert Opin. Orphan
Drugs 2018, 6, 667–681. [CrossRef]
7. Daly, A.; Evans, S.; Chahal, S.; Santra, S.; Pinto, A.; Jackson, R.; Gingell, C.; Rocha, J.; Van Spronsen, F.J.; MacDonald, A.
Glycomacropeptide: Long-term use and impact on blood phenylalanine, growth and nutritional status in children with PKU.
Orphanet J. Rare Dis. 2019, 14, 44. [CrossRef]
8. Pena, M.J.; Pinto, A.; Daly, A.; MacDonald, A.; Azevedo, L.; Rocha, J.C.; Borges, N. The Use of Glycomacropeptide in Patients
with Phenylketonuria: A Systematic Review and Meta-Analysis. Nutrients 2018, 10, 1794. [CrossRef]
9. MacDonald, A.; Singh, R.H.; Rocha, J.C.; van Spronsen, F.J. Optimising amino acid absorption: Essential to improve nitrogen
balance and metabolic control in phenylketonuria. Nutr. Res. Rev. 2019, 32, 70–78. [CrossRef]
10. Daly, A.; Evans, S.; Pinto, A.; Jackson, R.; Ashmore, C.; Rocha, J.C.; MacDonald, A. Preliminary Investigation to Review If a
Glycomacropeptide Compared to L-Amino Acid Protein Substitute Alters the Pre- and Postprandial Amino Acid Profile in
Children with Phenylketonuria. Nutrients 2020, 12, 2443. [CrossRef] [PubMed]
11. Pena, M.J.; Rocha, J.C.; Borges, N. Amino acids, glucose metabolism and clinical relevance for phenylketonuria management.
Ann. Nutr. Disord. Ther. 2015, 2, 1026.
12. Holst, J.J. The physiology of glucagon-like peptide 1. Physiol. Rev. 2007, 87, 1409–1439. [CrossRef] [PubMed]
13. Muller, T.D.; Finan, B.; Bloom, S.R.; D’Alessio, D.; Drucker, D.J.; Flatt, P.R.; Fritsche, A.; Gribble, F.; Grill, H.J.; Habener, J.F.; et al.
Glucagon-like peptide 1 (GLP-1). Mol. Metab. 2019, 30, 72–130. [CrossRef]
14. Kuhre, R.E.; Albrechtsen, N.W.; Windelov, J.A.; Svendsen, B.; Hartmann, B.; Holst, J.J. GLP-1 amidation efficiency along the
length of the intestine in mice, rats and pigs and in GLP-1 secreting cell lines. Peptides 2014, 55, 52–57. [CrossRef] [PubMed]
15. Mönch, E.; Herrmann, M.E.; Brosicke, H.; Schoffer, A.; Keller, M. Utilisation of amino acid mixtures in adolescents with
phenylketonuria. Eur. J. Pediatr. 1996, 155 (Suppl. S1), S115–S120. [CrossRef]
16. Weigel, C.; Rauh, M.; Kiener, C.; Rascher, W.; Knerr, I. Effects of various dietary amino acid preparations for phenylketonuric
patients on the metabolic profiles along with postprandial insulin and ghrelin responses. Ann. Nutr. Metab. 2007, 51, 352–358.
[CrossRef]
17. Pena, M.J.; Guerreiro, S.G.; Rocha, J.C.; Morais, T.; Pereira, S.S.; Monteiro, M.P.; Borges, N. Acute effect of an amino acid mixture
in the rat glycemic profile. J. Cell. Biochem. 2019, 120, 13056–13065. [CrossRef] [PubMed]
18. Chungchunlam, S.M.; Henare, S.J.; Ganesh, S.; Moughan, P.J. Effect of whey protein and glycomacropeptide on measures of
satiety in normal-weight adult women. Appetite 2014, 78, 172–178. [CrossRef] [PubMed]
19. Daly, A.; Evans, S.; Pinto, A.; Jackson, R.; Ashmore, C.; Rocha, J.C.; MacDonald, A. The Impact of the Use of Glycomacropeptide
on Satiety and Dietary Intake in Phenylketonuria. Nutrients 2020, 12, 2704. [CrossRef]
20. Royle, P.J.; McIntosh, G.H.; Clifton, P.M. Whey protein isolate and glycomacropeptide decrease weight gain and alter body
composition in male Wistar rats. Br. J. Nutr. 2008, 100, 88–93. [CrossRef]
21. Wernlund, P.G.; Hvas, C.L.; Dahlerup, J.F.; Bahl, M.I.; Licht, T.R.; Knudsen, K.E.B.; Agnholt, J.S. Casein glycomacropeptide is well
tolerated in healthy adults and changes neither high-sensitive C-reactive protein, gut microbiota nor faecal butyrate: A restricted
randomised trial. Br. J. Nutr. 2021, 125, 1374–1385. [CrossRef]
22. Venos, E.; de Koning, L. Endocrine markers of diabetes and cardiovascular disease risk. In Endocrine Biomarkers; Elsevier:
Amsterdam, The Netherlands, 2017; pp. 251–299.
23. Bernard, J.R.; Liao, Y.H.; Hara, D.; Ding, Z.; Chen, C.Y.; Nelson, J.L.; Ivy, J.L. An amino acid mixture improves glucose tolerance
and insulin signaling in Sprague-Dawley rats. Am. J. Physiol. Endocrinol. Metab. 2011, 300, E752–E760. [CrossRef]
24. Yang, J.; Dolinger, M.; Ritaccio, G.; Mazurkiewicz, J.; Conti, D.; Zhu, X.; Huang, Y. Leucine stimulates insulin secretion via
down-regulation of surface expression of adrenergic alpha2A receptor through the mTOR (mammalian target of rapamycin)
pathway: Implication in new-onset diabetes in renal transplantation. J. Biol. Chem. 2012, 287, 24795–24806. [CrossRef]
25. Ahring, K.K.; Lund, A.M.; Jensen, E.; Jensen, T.G.; Brondum-Nielsen, K.; Pedersen, M.; Bardow, A.; Holst, J.J.; Rehfeld, J.F.; Moller,
L.B. Comparison of Glycomacropeptide with Phenylalanine Free-Synthetic Amino Acids in Test Meals to PKU Patients: No
Significant Differences in Biomarkers, Including Plasma Phe Levels. J. Nutr. Metab. 2018, 2018, 6352919. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2021, 22, 9731 13 of 13
26. Foisy Sauve, M.; Spahis, S.; Delvin, E.; Levy, E. Glycomacropeptide: A Bioactive Milk Derivative to Alleviate Metabolic Syndrome
Outcomes. Antioxid. Redox Signal. 2021, 34, 201–222. [CrossRef] [PubMed]
27. Calkosinski, I.; Majda, J.; Terlecki, G.; Gostomska-Pampuch, K.; Malolepsza-Jarmolowska, K.; Sobolewska, S.; Calkosinska, A.;
Kumala, A.; Gamian, A. Dynamic Analysis of Changes of Protein Levels and Selected Biochemical Indices in Rat Serum in the
Course of Experimental Pleurisy. Inflammation 2016, 39, 1076–1089. [CrossRef]
28. Solverson, P.; Murali, S.G.; Brinkman, A.S.; Nelson, D.W.; Clayton, M.K.; Yen, C.L.; Ney, D.M. Glycomacropeptide, a low-
phenylalanine protein isolated from cheese whey, supports growth and attenuates metabolic stress in the murine model of
phenylketonuria. Am. J. Physiol. Endocrinol. Metab. 2012, 302, E885–E895. [CrossRef] [PubMed]
29. Sawin, E.A.; De Wolfe, T.J.; Aktas, B.; Stroup, B.M.; Murali, S.G.; Steele, J.L.; Ney, D.M. Glycomacropeptide is a prebiotic that
reduces Desulfovibrio bacteria, increases cecal short-chain fatty acids, and is anti-inflammatory in mice. Am. J. Physiol. Gastrointest.
Liver Physiol. 2015, 309, G590–G601. [CrossRef] [PubMed]
30. Souza, A.L.; Fiorini Aguiar, S.L.; Goncalves Miranda, M.C.; Lemos, L.; Freitas Guimaraes, M.A.; Reis, D.S.; Vieira Barros, P.A.;
Veloso, E.S.; Carvalho, T.G.; Ribeiro, F.M.; et al. Consumption of Diet Containing Free Amino Acids Exacerbates Colitis in Mice.
Front. Immunol. 2017, 8, 1587. [CrossRef]
31. Cavaillon, J.M. Pro- versus anti-inflammatory cytokines: Myth or reality. Cell. Mol. Biol. 2001, 47, 695–702.
32. Lillefosse, H.H.; Tastesen, H.S.; Du, Z.-Y.; Ditlev, D.B.; Thorsen, F.A.; Madsen, L.; Kristiansen, K.; Liaset, B. Hydrolyzed casein
reduces diet-induced obesity in male C57BL/6J mice. J. Nutr. 2013, 143, 1367–1375. [CrossRef]
33. Ney, D.M.; Etzel, M.R. Designing medical foods for inherited metabolic disorders: Why intact protein is superior to amino acids.
Curr. Opin. Biotechnol. 2017, 44, 39–45. [CrossRef]
34. Ney, D.M.; Murali, S.G.; Stroup, B.M.; Nair, N.; Sawin, E.A.; Rohr, F.; Levy, H.L. Metabolomic changes demonstrate reduced
bioavailability of tyrosine and altered metabolism of tryptophan via the kynurenine pathway with ingestion of medical foods in
phenylketonuria. Mol. Genet. Metab. 2017, 121, 96–103. [CrossRef]
35. Stroup, B.M.; Nair, N.; Murali, S.G.; Broniowska, K.; Rohr, F.; Levy, H.L.; Ney, D.M. Metabolomic Markers of Essential Fatty Acids,
Carnitine, and Cholesterol Metabolism in Adults and Adolescents with Phenylketonuria. J. Nutr. 2018, 148, 194–201. [CrossRef]
[PubMed]
36. Yang, S.; Li, X.; Yang, F.; Zhao, R.; Pan, X.; Liang, J.; Tian, L.; Li, X.; Liu, L.; Xing, Y.; et al. Gut Microbiota-Dependent Marker
TMAO in Promoting Cardiovascular Disease: Inflammation Mechanism, Clinical Prognostic, and Potential as a Therapeutic
Target. Front. Pharmacol. 2019, 10, 1360. [CrossRef] [PubMed]
37. Verduci, E.; Carbone, M.T.; Borghi, E.; Ottaviano, E.; Burlina, A.; Biasucci, G. Nutrition, Microbiota and Role of Gut-Brain Axis in
Subjects with Phenylketonuria (PKU): A Review. Nutrients 2020, 12, 3319. [CrossRef] [PubMed]
38. Marques, C.; Meireles, M.; Norberto, S.; Leite, J.; Freitas, J.; Pestana, D.; Faria, A.; Calhau, C. High-fat diet-induced obesity Rat
model: A comparison between Wistar and Sprague-Dawley Rat. Adipocyte 2016, 5, 11–21. [CrossRef] [PubMed]
